Abstract
Wireless 71-76 GHz Photonic Transmitter Design
The concept of a RoF wireless photonic transmitter is presented in Fig. 1 . The RF signal generation is realized by optical heterodyning [6] . The optical signals are generated by two laser sources, where the RF frequency can be tuned by varying the wavelength of the tunable laser diode (TLD) while the other laser diode (LD) has a fixed 1550 nm wavelength. The beat frequency of the optical signals is transmitted over a single-mode fiber (SMF) and subsequently the optical-to-electrical conversion is accomplished by the triple transit region PD (TTR-PD) chip delivering high mm-wave output power (>0 dBm) [7] .
Wire-bonding techniques can be used to connect the TTR-PD chip having a grounded coplanar waveguide (GCPW) output to a laminate-based GCPW transmission line (TL). The integration platform allows an efficient RF power coupling from the TTR-PD chip to the rectangular waveguide (WR-12), enables proper biasing of the TTR-PD chip, and assists for the RF amplifier integration in order to design high-power mmwave sources. The designed wireless (71-76 GHz) photonic transmitter is presented in Fig. 2 . Rectangular waveguides (WRs) play a fundamental role in most high-frequency analogue applications due to their lowloss characteristics. In addition, WRs have often been used as feeds for antennas with sufficient gain to transmit the RF signal to the end-user [9] .
The GCPW-based bias-tee (BT) network protects the integrated RF amplifier's input from being damaged by the DC bias voltage by means of a single quarter-wave coupled-lines (SCLs) DC-block. Also, the BT encloses an RF-choke based on a two-slotted split-ring resonators (SRRs) approach in order to prevent the leakage of the RF signal into the DC circuitry.
An RF amplifier integration is required in order to amplify the power delivered by the PD chip. Two RF amplifiers can be integrated in cascade to achieve total gain of 37 dB (i.e., a low-noise amplifier (LNA) with a 13 dB gain and a middlepower amplifier (MPA) with a 24 dB gain). The amplifiers are wire-bonded to the RF integration platform.
The amplified RF signal is coupled out to a rectangular waveguide (WR-12) through a double-slot transition introduced in the bottom ground layer of the laminate [8] . The PT platform is designed on a 127 µm thick ROGERS RT/duroid 5880 laminate (ε r = 2.2).
Integrated 70 GHz Band Bias-Tee Circuit
For an efficient biasing of the PD chip, a planar bias-tee circuit is designed and fabricated. It consists of a DC-block and an RF-choke. The design and optimization process are done by means of HFSS (TM) (i.e., a full-wave 3D simulation software based on the finite element method). As previously mentioned, the waveguide TTR-PD chip will be integrated with the laminate-based 50 Ω GCPW integration platform using wire bonding technique.
The DC-block, which is realized using SCLs, blocks the DC signal from running through the transition structure. A bias voltage of -8 V is required to properly bias the PD chip to achieve high RF output power levels. In contrast, the RFchoke prevents the loss of the mm-wave signal through the DC circuitry and is based upon two SRRs introduced in the DC bias line with a magnetic coupling distance in between [10] . The integration platform is surrounded by a fence of copper-plated via holes for suppressing higher order modes, which are generated and propagated in the substrate.
Single Coupled-Lines Section DC-Block Design
The SCLs design with tapered impedance matching transition is shown in Fig. 3 . The RF coupling occurs between two unshielded TLs, when they are close enough to each other so that interaction of the electromagnetic fields along the lines can take place and the energy from one line is transferred to the neighboring one.
The RF power coupling depends on the physical dimensions of the structure and the input impedance of the SCLs. Tightly-coupled quarter-wave (λ/4) lines with open circuit terminations block the DC signal from running through the platform [11, 12] . The tapered impedance matching transition is required in order to achieve a smooth impedance transformation from a 50 Ω GCPW (Z GCPW ) to the SCLs' characteristic impedance (Z 0 ). The mathematical representation, impedance calculations, and design parameters have been introduced in [13] . The inset in Fig. 3 shows a light-microscope close-up view of the fabricated SCLs.
The experimental validation of the fabricated SCLs is introduced in Fig. 4 together with its numerical results within the frequency range of interest from 71 GHz to 76 GHz. In order to calibrate and de-embed the scattering parameters (S-parameters) of the cables and connectors used in the experimental validation, a dedicated thru-reflect-line (TRL) calibration kit is designed and fabricated (see Fig. 6 ). The TRL calibration shifts the measurement reference planes up to the device under test (DUT) ports as shown in Fig. 5 . The measured results show that the insertion loss (IL: S 21 ) is less than 2 dB in a good agreement compared to the simulation results. The deviation of around 1.5 dB between the experimental and the numerical results is due to the fabrication tolerance of about 20 μm compared to the designed geometry. 
Bias-Tee featuring Split-Ring Resonators RF-Choke Design
The RF-choke design is based on two slotted SRRs integrated in the DC bias line with a magnetic coupling distance in between. The SRRs design is shown in Fig. 7 , together with a microscope view of the fabricated structure (inset). The design approach and the geometrical dimensions of the fabricated SRRs RF-choke are introduced in [10] and [13] , respectively. The SRRs' gaps have been set to 60 µm. The benefit of the SRRs over the quarter-wave based RF-choke reported in [14] is that its length is reduced by 75% compared to a conventional λ/4 approach, which results in a more convenient placing of the RF-choke in the DC circuitry and more compact wireless PT design.
The simulation and optimization of the SRRs structure has been done by HFSS. The calculated and experimental S-parameters are compared and introduced in Fig. 8 . The measured RFchoke shows that in the whole 5 GHz bandwidth (BW) the RF signal suppression in the DC bias line (IS: S 31 ) is higher than 20 dB while the IL is lower than 1 dB. The planar bias-tee network from Fig. 9 , including both SRRs RF-choke and SCLs DCblock, has further been simulated and fabricated. The insets show the processed parts of the BT circuit. The mm-wave signal is coupled out of the TTR-PD chip (port 1) to the BT output at port 2. The DC bias is applied to the bias-tee at port 3 and supplied to the PD input at port 1. The simulated and the measured IL (S 21 ) results are compared in Fig. 10 , showing that the deviation between both is less than 1.5 dB, which is caused by the fabrication tolerances of the processed structures. The measured IL remains below 2 dB for the complete frequency band of interest. The inset shows a microscope close-up view of the fabricated SRRs. 
Photonic Transmitter Integration Platform for Radio-over-Fiber Applications
An easy-to-fabricate 50 Ω GCPW to WR low-loss transition has been designed and characterized in [15] and [16] . The transition has an operational BW from 66-80 GHz. It consists of a two-stage interface, one from the GCPW to the slots, as shown in Fig. 2: (top view) , and the other one from the slots to the WR-12 input (Fig. 2: bottom view) . The transition makes use of a double-slot antenna coupling approach [8] , which guides the electromagnetic field to the WR through the bottom ground layer of the laminate.
The 71-76 GHz integration platform design with the biastee circuit and the double-slot transition based on ROGERS RT/duroid 5880 substrate is shown in Fig. 11 . The designed integration platform allows an efficient coupling of the RF signal, which is provided by a high-speed PD chip (e.g., TTR-PD [17] ), to the WR-12 output. In addition, it allows further RF power amplification by integrated RF amplifiers, which are integrated by means of bond wires to the laminate-based GCPW between the double-slot transition and the DC-block. Fig. 11a shows the propagation of the electromagnetic field at 73.6 GHz in the dielectric substrate of the integration platform and the coupling of the electromagnetic waves to the WR-12 (Fig. 11b) . It can be noticed that no RF power is observed in the DC circuitry. The fabricated PT integration platform is presented in Fig. 11c . The measurement of the platform presented in Fig. 12 shows that the IL is less than 5 dB for the entire BW, along with a maximum 2.5 dB deviation, compared to the simulated results due to the fabrication tolerance of about 20 µm occurring in all sections of the platform. 
Conclusion
A laminate-based 71-76 GHz RF integration platform for next generation wireless networks (5G) and radar applications has been designed, fabricated, and experimentally characterized. The platform allows low-cost development of high-power radio-over-fiber wireless photonic transmitters. Experimentally, the integration platform provides a low insertion loss of around 4.5 dB in the whole 5 GHz bandwidth. Experimental results showed a good agreement with the numerical results. Observed max. 2.5 dB deviation to the simulated results was traced back to the fabrication tolerances of approx. 20 µm.
